Introduction
The drying of polymer solutions coated on a flat substrate is very important in various industrial applications such as fabricating flat polymer thin films (Bornside et al., 1989; Routh and Russel, 1998) and inkjet printing (de Gans and Schubert, 2004; Soltman and Subramanian, 2008) . There are various studies of this process. Previous studies of the fabrication of flat polymer thin films have focused on the temporal variation in the thickness of polymer liquid films during drying (Bornside et al., 1989; Routh and Russel, 1998) , without considering spatiotemporal variation in concentration distribution. Previous studies of inkjet printing have discussed droplets of polymer solution (de Gans and Schubert, 2004; Soltman and Subramanian, 2008) , and thus have a different scope from our study, which considers a largearea liquid film of polymer solution.
We have studied the drying of a large-area liquid film of a polymer solution on a flat substrate by examining the spatiotemporal variation in concentration distribution during drying (Kagami, 2003; Kagami, 2004a; Kagami, 2004b; Kagami, 2007; Kagami, 2008; Kagami, 2009; Kagami, 2010; Kagami, 2014; Kagami and Kubota, 2010; Kagami et al., 2002) . We showed that the distribution of polymer molecules on the substrate after drying is described by a power relation between the vaporization rate, the diffusion coefficient of the solvent containing the solutes, and the diffusion coefficient of the concentration of the solution.
We have proposed and modified a model of the drying process of a polymer solution coated on a flat substrate for flat polymer film fabrication (Kagami et al., 2002; Kagami, 2003; Kagami, 2004a; Kagami, 2004b; Kagami, 2007; Kagami, 2008; Kagami, 2009; Kagami, 2010; Kagami and Kubota, 2010a) . In addition, we clarified the dependence of the distribution of polymer molecules on a flat substrate after drying on a various parameters based on the analysis of many numerical simulations of the model.
However, the mechanism of the drying process in the previous studies does not allow problems with thin films after drying, such as thickening of the edges and depressions near the edge, to be avoided. We applied the model to thickness control of a thin film after drying through thermal, evaporative, and solute concentration management (Kagami, 2014; Kagami and Kubota, 2010b; Kagami and Kubota, 2011) . A film thickness of approximately 300 nm was assumed, which is similar to films for resist coating of wafers and reticle substrates in semiconductor engineering. During these processes, thickening at the edge and depressions next to the edge of the film should be reduced to several percent or less to make the films suitable for a wide range of applications. Our results showed that control of the thickness of a thin film after drying can be achieved by adding evaporative, thermal and solute concentration operations that depend on the solute concentration distribution on the substrate during drying (Kagami, 2014a) .
However, the Marangoni effect occurs during drying. Thus, we incorporated the Marangoni effect into the existing model in the form of pseudo-negative diffusion at an upper gas-liquid interface. As a result, we demonstrated that the solutes that exist at the upper gas-liquid interface are attracted more strongly to the edge due to the Marangoni effect (Kagami, 2014b) .
In this study, we apply the thermal, evaporative, and solute concentration management to the modified model that includes the Marangoni effect. We found that the thickening of the edge of the thin film after drying caused by the Marangoni effect can be reduced by using our method.
Model

Drying Process
A series of studies has been conducted on the drying process of polymer (resist) solutions coated on flat substrates under reduced pressure for flat and homogeneous resist film fabrication using photolithography (Kagami, 2011; Kagami, 2014a; Kagami, 2014b) . After the resist solution is applied as a flat coating on a flat substrate by scan coating, the coated resist solution is dried under reduced pressure or vacuum. The latter process is the subject of this study. However, it is not limited to resist solutions, and we consider general polymer solutions in this study.
Because of the reduced pressure, we can ignore the effect of gas flow over the flat substrate. For sufficiently low gas flow under reduced pressure, disturbances to the interface between the liquid film on the flat substrate and the gas are effectively eliminated. In addition, if the layer of solution film on the flat substrate is extremely thin, for example, if its Rayleigh number is smaller than the critical Rayleigh number, we can also ignore the influence of the advective term of the Navier-Stokes equation. Therefore, the drying process can be described by the following simple model.
Theory and Basic Equations
Because details of theory and the basic equations have been reported in previous papers (Kagami, 2011; Kagami, 2014a; Kagami and Kubota, 2011; Kagami et al., 2002) , only the basic equations are shown here.
First, we consider the following evaporation model (Kagami et al., 2002) 
G is the evaporation rate, C is the concentration of the solution, and  is a constant. Furthermore,
is a correction factor, where 0 P is the vapor pressure, M is the molecular weight, R is the gas constant, T is temperature, and K is a correction factor for the theoretical evaporation rate (Hickman and Trevoy, 1952) .
Then, the two diffusion models are formulated as follows. First, the diffusion equation for solvent containing solutes is written as
where V is the volume of solvent containing solutes included in a space and v K is the diffusion coefficient of the solvent (Kagami, 2011 ). An evaporation term (Eq. (1)) is added to Eq. (3), which describes the interface between liquid and gas (vacuum), so Eq. (3) is modified to (Kagami, 2011) 
Next, the diffusion equation governing the change in concentration in solution is written as (Kagami, 2014a; Kagami and Kubota, 2011)  
where N denotes the number of solute molecules included in a space and C K is the diffusion coefficient of the solution.
In this study, we consider a solution containing one type of solute and one type of solvent for simplicity. Therefore, we build our model mainly using Eqs. 
The Marangoni Effect
We incorporate the Marangoni effect into the existing model and treat the effect as pseudo-negative diffusion at an upper gas-liquid interface (Kagami, 2014b) . Specifically, pseudo-negative diffusion is taken as λ C K , where, for example, λ = -1.0 × 10 -3 .
Objective and Method
In previous studies, the dependence of the distribution of polymer molecules on a flat substrate after drying on various parameters, such as the vaporization rate and solute concentration coefficient, was clarified based on the analysis of many numerical simulations of the model. We found that the distribution of polymer molecules on the substrate after drying was determined by a power relation between the vaporization rate, the diffusion coefficient of the solvent containing solutes, and the concentration diffusion coefficient of the solution. Here, we control the vaporization rate and the concentration diffusion coefficient of the solution by managing the temperature, evaporation, and solute concentration of a solution film on the substrate.
If the integrated number of solute polymer molecules at a point on the substrate is more than (less than) k  times the initial average during drying, the temperature of the surface of the polymer solution film over the point is perturbed upward (downward) by , if the integrated number of polymer molecules at a point on the substrate exceeds 1.1 times the initial average during drying, then the temperature of the surface of the polymer solution film over the point is perturbed upward by 1.00005 and the correction constant  in Eq. (2) over the point is perturbed downward by 0.9999.
Results and Discussion
Numerical Simulation Conditions
A two-dimensional liquid film of a polymer solution on a flat substrate is modeled. The thickness of the polymer solution is 0.1 mm and its width is 150 mm. Solvent vaporizes only at the interface between liquid and gas (vacuum) and there is no boiling. The volume of the solvent, V , and the number of solute molecules, N , in solution are homogeneous, except for the surface in contact with the gas (vacuum). A homogeneous random number is used to produce a 10% variation in N in the upper surface of the liquid film of the polymer solution.
The simulation is ended when the total volume of the solvent is less than a fixed value, the solute cannot move in solution, and drying is complete. The fixed value is determined indirectly from experimental data.
The initial values of parameters are set as 
Numerical Simulation Results
A typical thickness profile of a polymer thin film after drying is shown in Figure 1 . (Kagami et al., 2002) Figure 1. These are experimental data for a resist film. The horizontal axis shows the position from the center of the substrate surface and the vertical axis shows the thickness of the resist film. The edge of the thin film is much thicker than the middle, and the region next to the edge is slightly thinner. This unevenness at the edge can be improved by using our method.
Figure 1. Typical Thickness Profile of a Resist Film after Drying
In Figure 2 , we show the solute distribution after drying by using our method.
Figure 2. Improvement of Solute Distribution after Drying by using our Method
The thickening at the edge is greatly improved although Figure 3 shows that the improvement is greater when the Marangoni effect is included. This can be explained as follows.
Figure 3. Improvement of Solute Distribution after Drying by our Method
If the integrated number of polymer molecules at a point on the substrate increases, the temperature of the polymer solution film surface over the point should be perturbed upward. Then the diffusion coefficient of the solution becomes larger. As a result, the integrated number of polymer molecules at the point decreases because the solutes diffuse outward due to the larger diffusion coefficient of the solution. Conversely, if the integrated number of polymer molecules at a point on the substrate decreases, the temperature should be decreased. Moreover, if the integrated number of polymer molecules at a point on the substrate increases, the evaporation rate at the point should be decreased slightly so as to avoid the solute's gathering there due to the diffusion of solvent containing solutes. Lastly, if the integrated number of polymer molecules at a point on the substrate increases, the solute concentration at the point should be decreased slightly so as to prompt the solutes at the point to diffuse outward.
Conclusions
In this study, we applied thermal, evaporative and solute concentration management to a modified model that includes the Marangoni effect. The thickening at the edge of the thin film after drying due to the Marangoni effect can be improved through appropriate thermal, evaporative and solute concentration management. Our method of thickness control of a thin film after drying is effective for countering the Marangoni effect. Control of the film thickness distribution after drying by precisely managing temperature, evaporation, and solute concentration needs to be experimentally validated in future work.
